INTRODUCTION
============

Drug addiction is characterized by compulsive drug-taking behavior and high rates of relapse even after many years of abstinence ([@b26]). Exposure to cues associated with drug use instigates physiological, behavioral, and subjective reactions, including craving, and is thought to play a significant role in the maintenance of the addiction, as well as the relapse in people attempting to quit ([@b1]). Over the past few decades, numerous functional magnetic resonance imaging (fMRI) studies have documented brain areas activated by drug-related cues. These areas include regions known to be involved with reward, craving, emotional processing, memory, visual attention, and impulsivity ([@b3]; [@b7]; [@b9]; [@b21]; [@b27]). These findings suggest that exposure to drug-related cues increases attentional resources focused on processing external, drug-related information, and triggers the planning of behaviors aimed at obtaining drugs.

However, one factor that is believed to influence this neural response to drug cues -- the user\'s level of abstinence -- has seldom been investigated using functional brain imaging. Brain reactivity to smoking-related cues increases following acute and extended smoking abstinence compared to the prequit state ([@b15]; [@b21]). In contrast with these findings, two previous fMRI studies did not show that smoking abstinence increased brain reactivity to smoking cues ([@b20]; [@b19]), while one study found abstinence did decrease reactivity in ventral striatum in male smokers ([@b6]).

Collectively, the above studies all evaluated brain activity in response to smoking-related versus neutral images in tobacco-dependent people before a quit attempt and then again during acute or extended smoking. Abstinence on brain responses to heroin-related cues in people who abuse heroin has seldom been studied. Therefore, the primary goal of the present study was to evaluate the effects of short- and long-term heroin abstinence on neural responses to heroin-related visual cues in heroin addicts, and to elucidate mechanisms underlying the effect of heroin abstinence on heroin-related cue reactivity, which is critical since exposure to these cues can trigger heroin relapse ([@b18]; [@b23]; [@b25]).

MATERIALS AND METHODS
=====================

Subjects
--------

Eighteen heroin addicts during short-term abstinence and 19 heroin addicts during long-term abstinence were recruited. All subjects were receiving inpatient treatment in the Forced Detoxification Center of Longgang Central Hospital, Shenzhen, China, where they were prescreened and interviewed by the treatment staff and forced to accept treatment for about two years and were not able to use heroin. In our study, subjects were included if they met following criteria: (1) male, (2) age 18--55 years (note the age range), (3) right handed, (4) 20/20 vision, (5) diagnosed with DSM-IV heroin dependence, and (6) heroin was their primary drug of use and no current psychotropic medication was being used. For safety reasons, heroin addicts with magnetically active prosthetics, plates, pins, permanent retainers, or bullets were excluded. Patients, who voluntarily participated in this study, had the right to quit the experiments at anytime. All patients who finished the study received monetary compensation.

Data of two subjects who had long-term heroin abstinence were excluded because of excessive head movement or incomplete fMRI data. Data of one subject who had short-term heroin abstinence were excluded for incomplete fMRI data due to technical failures. As a consequence, the final data were collected from 17 heroin-dependent subjects who were short-term abstainers and 17 heroin-dependent subjects who were long-term abstainers. The demographic and substance-use characteristics of the subjects are summarized in [Table 1](#tbl1){ref-type="table"}.

###### 

Demograpic and clinical characteristics of subjects

  Characteristic                                 Short-term heroin abstinence (*n* = 18)   Long-term heroin abstinence (*n* = 19)   *p*-value from ANOVA
  ---------------------------------------------- ----------------------------------------- ---------------------------------------- ----------------------
  Age (years ± SD)                               33.2 ± 1.4                                31.6 ± 1.4                               0.415
  Education (years ± SD)                         7.7 ± 0.7                                 8.1 ± 0.4                                0.662
  Duration of heroin use (years ± SD)            7.0 ± 1.0                                 8.2 ± 1.1                                0.430
  Average heroin dose (g/day ± SD)               0.7 ± 0.2                                 0.7 ± 0.1                                0.818
  Duration of current abstinence (months ± SD)   1.2 ± 0.1                                 13.6 ± 0.4                               0.000
  Duration of smoking (years ± SD)               12.9 ± 1.4                                13.8 ± 1.2                               0.632
  Daily cigarettes                               32.4 ± 3.5                                29.8 ± 2.7                               0.561
  Depression                                     13.1 ± 1.5                                9.8 ± 1.7                                0.158
  Anxiety                                        16.3 ± 2.5                                10.7 ± 2.2                               0.100
  Withdrawal symptoms                            23.5 ± 3.4                                11.6 ± 1.8                               0.004

The only difference between the forced and the self-initiated detoxification treatment in China is that the forced detoxification subjects are sent to the detoxification center by the law enforcement officials while the self-initiated detoxification subjects voluntarily go to the detoxification center or are escorted to the center by their family members. The following detoxification procedures are the same for these two groups: they will receive medication and psychological therapy at the center; they are strictly restricted to drugs; they will stay up to two years at the center; afterwards, they will be released but will be closely followed up.

Procedures
----------

All subjects completed two sessions: a half-an-hour screening/practice session and a 1-h fMRI session. At the beginning of the screening/practice session, subjects heard a complete description of the study, and read and signed an informed consent form approved by the Institutional Review Board of Longgang Central Hospital of Shenzhen. They then completed questionnaires regarding their health, mood, smoking history, and eligibility for fMRI research. They also practiced an experimental task in a mock fMRI scanner.

All scanning was conducted between 15:00 to 18:00 PM. Subjects were escorted to the scanning facility and placed on the magnetic resonance imaging (MRI) scanner bed with their head secured using a vacuum bag to minimize movement. Earplugs were used to lessen scanner noise. Then sets of MRI images were acquired to provide the anatomical information about the brain. All subjects were monetarily compensated upon completion of the study.

Preliminary Behavioral Assay
----------------------------

Another 30 heroin addicts were selected at the Forced Detoxification Center of Longgang Central Hospital, Shenzhen, China. Fifty pictures of heroin-related cues and 50 pictures of neutral cues were shown on a computer to these subjects. Craving of each subject was assessed on a 10-point visual analog scale (VAS). Participants marked 1 for "not at all" to 10 for "extremely high" based on their true response to each picture. As predicted, heroin-related cues evoked stronger craving in these subjects than neutral cues. We finally used 40 pictures each for our test.

Cue-Viewing Task
----------------

Photographic heroin-related and neutral cues were presented in a boxcar with four blocks. Each block contained a cue of a certain category, as shown in [Figure 1](#fig1){ref-type="fig"}. Images were shown on a computer screen and reflected by an overhead mirror through which the subjects could see the cues. Heroin-related cues (*n* = 40) consisted of pictures of people using heroin. Neutral cues (*n* = 40) consisted of pictures of people engaged in everyday activities. Prior to this study, those heroin-related cues had been proved to evoke significant craving in heroin addicts by our preliminary behavioral assay. Ten cues in each block were shown in 1 min ([@b21]). Before and after each block, a crosshair was presented for 5 s. Participants were then asked to rate their current craving level on a four-point scale (with "not at all" = 0 to "extremely" = 4). The scale was presented for 10 s followed by a crosshair for another 15 s. Thus, the total interblock-interval was 30 s. Total task time was 12.5 min. Stimulus presentations were delivered by using the E-Prime software package (Psychology Software Tools, Inc., Pittsburgh, PA, USA). The timing of the stimulus presentation was synchronized with trigger pulses from the MRI scanner to ensure precise temporal integration of stimulus presentation and fMRI data acquisition. The scale selected by each subject was recorded.
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fMRI Acquisition
----------------

Scanning was performed on a 1.5-T Philips Infinion MR system (Philips Medical Systems, Netherlands) at Longgang Central Hospital. For the functional run, 250 volumes, each with 24 axial slices, were obtained with a T2-weighted echo-planar imaging (EPI) sequence (TR = 3 s, TE = 40 ms, FOV = 24 × 24 cm, matrix = 64 × 64, flip angle = 90°, slice thickness = 4 mm, gap = 2 mm). A coplanar T1-weighted structural volume was obtained with a spin echo (SE) sequence (matrix = 256 × 256). A high-resolution structural volume was obtained with a spoiled gradient recalled echo (SPGR) sequence for functional overlay.

Data Analysis
-------------

Demographic and behavioral data were analyzed using SPSS software (Version 17.0.1 for Windows; SPSS Inc., Chicago, IL). Imaging data were analyzed using SPM5 (Statistical Parametric Mapping; Wellcome Department of Cognitive Neurology, London, UK). The first four volumes of each functional time series were discarded for saturation effects. Images were re-oriented and re-aligned to the first volume to correct for between-scan movements. The anatomical scan was coregistered to the first T2\* image. Next, the images were normalized to Montreal Neurological Institute (MNI) space using an SPM EPI template (using 12 linear parameters and a set of nonlinear cosine basis functions). Spatial smoothing was performed using a 4-mm full-width-at-half-maximum Gaussian kernel.

Each participant\'s data was used for a first-level voxel-by-voxel analysis using the general linear model. Each cue block (heroin-related, natural) was modeled as a boxcar function convolved with a canonical hemodynamic response function that began at the onset of the first cue in the block and ended at the end of the block (duration = 60 s). A high-pass filter (1/128 Hz) was applied to remove slow signal drift. A contrast image was generated by computing the difference between a heroin-related cue and a neutral cue. One-sample *t*-tests were performed to examine heroin-related cue reactivity for each condition, respectively (short-term heroin abstinence, long-term heroin abstinence). Two-sample *t*-test was conducted to examine the differences in brain responses between those two conditions. Resulted activations were considered significant at a *p* ≤ 0.05 (family-wise error corrected) with a minimum cluster extent threshold of 20 contiguous voxels.

Withdrawal Symptoms Measures
----------------------------

The withdrawal symptoms measures included three components: somatization, negative mood, and dyssomnia. Each component was assessed by a separate questionnaire. The somatization questionnaire consisted of eight questions, rated on a scale of 0 (no effect) to 4 (strongest). The questionnaire asked about the following symptoms: (1) panic, (2) bodily malaise, (3) restlessness, (4) musculoskeletal pain, (5) sluggishness, (6) yawning, tearing, and runny nose, (7) gooseflesh, and (8) loss of appetite. The negative-mood questionnaire consisted of four questions, rated on a scale of 0 (no effect) to 4 (strongest). The questionnaire asked about the following symptoms: (1) dysphoria, (2) loneliness, (3) loss of interest in daily activities, and (4) irritability. The dyssomnia questionnaire consisted of five questions, rated on a scale of 0 (no effect) to 4 (strongest). The questionnaire asked about the following symptoms: (1) insufficient sleep duration, (2) difficulty falling asleep, (3) restless sleep, (4) early awakening, and (5) dizziness on awakening ([@b29]).

RESULTS
=======

Subject Characteristics
-----------------------

As shown in [Table 1](#tbl1){ref-type="table"}, there were no significant differences between groups on demographic measures. The abstinence was assessed using urine test and physical symptoms. All drug user patients were only opioid users.

Protracted-Abstinence Symptoms
------------------------------

In this study, we observed significant difference in protracted-abstinence symptoms between groups. The group during long-term abstinence had decreased protracted-abstinence symptoms than the group during short-term abstinence.

Craving Scores
--------------

Across conditions, craving for cigarettes was greater following heroin-related cues compared to neutral cues. Moreover, across cue types, abstinence increased ratings of craving during the cue-viewing task. The "Cue × Condition" interaction was not significant.

Imaging Results
---------------

The effect of heroin-related cues (compared to neutral cues) on brain activation was evaluated separately for each condition. Following short-term abstinence, heroin addicts exhibited significantly greater fMRI reactivity to heroin-related versus neutral images in a number of brain areas. These included bilateral temporal (BA 19, 21, 39), bilateral occipital (BA 19, 37, 39), bilateral posterior cingulate (BA 23, 29, 30), bilateral anterior cingulate, bilateral thalamus, left hippocampus, and bilateral cerebellum. The reduced fMRI reactivity to heroin-related images versus neutral images was not found in any brain areas ([Figure 2](#fig2){ref-type="fig"}; [Table 2](#tbl2){ref-type="table"}).

![A representative scanning result from a patient.](lsum47-631-f2){#fig2}

###### 

fMRI measurement following short-term heroin abstinence

                                                                  Talairach coordinates                 
  -------------------- ----------------------- ------------ ----- ----------------------- ------ ------ -----
  *Occipital cortex*                                                                                    
   R                   Inferior occipital G.   19           136   33                      --78   --15   3.2
   L                   Middle occipital G.     19, 37, 39   176   --45                    --87   3      7.3
   R                   Middle occipital G.     19, 37, 39   236   45                      --84   0      8.7
   L                   Fusiform G.             37           60                                          
   R                   Fusiform G.             37           64    36                      --60   --18   4.4
   L                   Cuneus                  17           55    --12                    --87   9      3.1
   R                   Cuneus                  17           67    21                      --81   9      3.9
  *Temporal cortex*                                                                                     
   L                   Middle temporal G.      21,22        52    --60                    --69   12     3.3
   R                   Middle temporal G.      21, 22, 39   149   57                      --57   3      3.9
   R                   Inferior temporal G.    20           109   54                      --69   --6    4.9
   L                   Parahippocampal G.      35           102   --17                    --21   --18   5.1
  *Cingulate*                                                                                           
                       Posterior               23           89    --3                     --51   12     5.2
                       Anterior                33           22    --3                     9      27     3.9
  *Thalamus*                                                                                            
   L                   Thalamus                             20    0                       --18   12     3.6
   R                   Thalamus                             11    3                       --15   9      3.6
  *Hippocampus*                                                                                         
   L                   Hippocampus                          60                                          
  *Cerebellum*                                                                                          
   L                   Cerebellum                           102   --33                    --72   --24   2.9
   R                   Cerebellum                           242   42                      --63   --21   3.7

*Note.* Brain areas, Brodmann areas, and Talairach coordinates ([@b30]) refer to the peak activation voxel within each cluster of continuous voxels. The *t*--values refer to the maximum *t* statistic in each cluster. Voxel numbers refer to the total number of voxels per cluster. G = gyrus.

Following long-term abstinence, heroin addicts exhibited greater fMRI reactivity to the heroin-related than to the neutral images in bilateral temporal (BA 21) and bilateral occipital (BA 19). The reduced fMRI reactivity to heroin-related images versus the neutral images was evoked in bilateral frontal (BA 6, 8, 9), bilateral parietal (BA 1, 2, 3, 5, 7,40), left posterior cingulate (BA 23), in-sula, thalamus, dorsal striatum, and bilateral cerebellum ([Figure 2](#fig2){ref-type="fig"}; [Table 3](#tbl3){ref-type="table"}).

###### 

fMRI measurement following long-term heroin abstinence

                                                                                      Talairach coordinates                 
  --------------------------------------------- ----------------------- ------- ----- ----------------------- ------ ------ -------
  Heroin-related \> Neutral Images Brain Area                                                                               
  *Occipital cortex*                                                                                                        
   L                                            Inferior occipital G.   19      15    36                      --81   --12   2.6
   R                                            Inferior occipital G.   19      19    --24                    --93   --6    2.5
   L                                            Middle occipital G.     19      55    --33                    --87   3      2.7
   R                                            Middle occipital G.     19      40    42                      --63   --3    8.7
  *Temporal cortex*                                                                                                         
   L                                            Middle temporal G.      21,22   15    --42                    --78   6      2.4
   R                                            Middle temporal G.      21,22   47    54                      --75   6      3.4
   L                                            Inferior temporal G.    37      11    --51                    --78   --6    2.9
   R                                            Inferior temporal G.    37      19    48                      --66   --3    3.6
  Neutral \> Heroin-related Images Brain Area                                                                               
  *Frontal cortex*                                                                                                          
   L                                            Middle frontal G.       6,9     206   --39                    15     33     --5.2
   L                                            Superior frontal G.     8       66    --3                     24     54     --4.9
   L                                            Inferior frontal G.     46      17    --45                    48     6      --4.7
  *Parietal cortex*                                                                                                         
   L                                            Inferior parietal G.    40      425   --39                    --48   57     --2.4
   L                                            Precuneus               7       167   --6                     --45   54     --3.9
   R                                            Precuneus               7       198   12                      --48   66     --7.2
   L                                            Paracentral lobule      5       133   --3                     --33   51     --5.0
   R                                            Postcentral G.          1,2,3   144   45                      --30   57     --4.4
  *Cingulate*                                                                                                               
   L                                            Posterior cingulate             140   --3                     --66   12     --3.4
  *Thalamus*                                                                                                                
   R                                            Thalamus                        37    9                       --18   12     --4.1
  *Insula*                                                                                                                  
   L                                            Insula                  13      45    --33                    --24   12     --4.7
  *Striatum*                                                                                                                
   L                                            Lentiform nucleus               13                                          
   R                                            Lentiform nucleus               21                                          
   L                                            Putamen                         13                                          
   R                                            Putamen                         21                                          
  *Cerebellum*                                                                                                              
   L                                            Cerebellum                      102   --33                    --72   --24   2.9
   R                                            Cerebellum                      242   42                      --63   --21   3.7

When fMRI activity to heroin-related versus neutral images was compared across conditions, several brain areas were found to exhibit increased activation following the short-term abstinence in comparison to the long-term abstinence. Increased activation was found in the bilateral temporal (BA 19, 21, 39), bilateral parietal (BA 1, 2), bilateral occipital (BA 19, 37, 39), left posterior cingulate (BA 23, 29, 30), left hippocampus, insula, thalamus, dorsal striatum, and bilateral cerebellum. The reduced fMRI reactivity to heroin-related images versus neutral images was not found in any brain areas ([Figure 2](#fig2){ref-type="fig"}, [Table 4](#tbl4){ref-type="table"}).

###### 

Between-scan fMRI reactivity differences: (Heroin-Related \> Neutral Images)

                                                               Talairach coordinates                 
  -------------------- ---------------------- ---------- ----- ----------------------- ------ ------ -----
  *Occipital cortex*                                                                                 
   L                   Middle occipital G.    19,37,39   190   --27                    --96   6      5.2
   L                   Lingual G.             17         167   --15                    --63   --9    4.0
   R                   Lingual G.             17         150   18                      --90   0      3.5
   L                   Cuneus                            316   --18                    --96   6      5.2
  *Temporal cortex*                                                                                  
   L                   Middle temporal G.     21,22      43    --51                    --60   0      2.6
   L                   Parahippocampal G.     35         118   --27                    --69   --15   3.5
   L                   Fusiform G.            19         185                                         
   R                   Fusiform G.            19         51                                          
   L                   Inferior temporal G.              92                                          
   R                   Inferior temporal G.              56                                          
  *Parietal cortex*                                                                                  
   L                   Precuneus                         97                                          
   R                   Precuneus                         90    12                      --63   15     3.5
   L                   Paracentral                       61    --6                     --36   0      2.7
  *Cingulate*                                                                                        
                       Posterior              23         174   --3                     --63   12     3.1
                       Anterior                          8     23                      9      26     3.5
  *Thalamus*                                                                                         
   L                   Thalamus                          15                                          
   R                   Thalamus                          7     15                      --9    15     3.6
  *Insula*                                                                                           
                       Insula                 13         10    --33                    --21   12     3.5
  *Hippocampus*                                                                                      
   L                   Hippocampus                       60    21                      12     15     3.2
  *Striatum*                                                                                         
   L                   Putamen                           7                                           
   R                   Putamen                           8                                           
   L                   Pallidum                          11                                          
  *Cerebellum*                                                                                       
   L                   Cerebellum                        102   --33                    --72   --24   2.9
   R                   Cerebellum                        242   42                      --63   --21   3.7

DISCUSSION
==========

This study was a pilot study. We used fMRI to detect brain activity in response to heroin-related versus neutral images in heroin addicts following short- and long-term abstinence, respectively.

We found remarkable between-scan differences in fMRI reactivity patterns between the two groups. Following short-term heroin abstinence, fMRI reactivity to heroin-related versus neutral images increased in regions involved in visuospatial processing such as occipital cortex ([@b22]; [@b31]). Similar sites of activation have been observed in previous studies of smoking cue reactivity ([@b3]; [@b19]; [@b35]). Greater heroin-related cue activation was also observed in temporal areas that are correlated with increased reactivity to heroin-related cues ([@b22]). Heroin-related cue activation increased in posterior cingulate, which is involved in visuospatial attention and information processing ([@b12]; [@b33]) and has been shown active in response to visual smoking ([@b19]) and cocaine cues ([@b17]). Heroin-related cue activation was also observed in anterior cingulate, which is involved in emotional processing ([@b8]; [@b16]). Heroin-related cues activated hippocampus and thalamus in addition to the aforementioned areas of the brain. The hippocampus has an important role in learning, memory, and anxiety ([@b4]). Following long-term heroin abstinence, greater heroin-related cue activation was only observed in occipital and temporal cortices.

Strong activities were evoked in dorsal striatum by the heroin-related cues following short-term abstinence. The dorsal striatum plays a predominant role in the maintenance of drug-seeking behavior ([@b13]; [@b14]). Microinjection of a dopamine receptor or AMPA/kainite glutamate receptor antagonist directly into the dorsal striatum attenuated cocaine seeking maintained under a second-order schedule of reinforcement ([@b2]; [@b32]). Inactivation of the dorsal striatum was shown to reduce relapse to cocaine seeking driven by discrete or contextual cues ([@b10]; [@b28]). Studies in humans have shown increases in activity and dopamine transmission during cue-induced cocaine craving in the dorsal, but not ventral, striatum ([@b11]; [@b34]; [@b36]). We have demonstrated that decreased neural responding to heroin-related cues in dorsal striatum may reflect decreased relapse vulnerability during long-term abstinence.

Decreased activities were evoked in the insula by the heroin-related cues following long-term abstinence. The insula is reportedly involved in maintaining smoking behavior ([@b24]), and it is activated during various forms of craving and/or exposure to drug-related or other incentive-related cues ([@b5]). Our data suggest that long-term heroin abstinence can abolish cue-associated interoceptive sensations mediated by the insula, which may decrease craving responses.

Together, our data suggest that a number of brain areas exhibit decreased reactivity in comparison to the short-term abstinence state, during long-term heroin abstinence. These brain areas may facilitate craving and habitual responding to smoking cues and predispose people to relapse, and may be useful targets for relapse prevention medications.

Study\'s Limitations
--------------------

There were several limitations in this study. First, as with many other studies, this study had limited sample size and we had to use a between-subjects design. Although we tried our best to minimize the individual difference in terms of age and the amount and length of heroin intake, the craving behavior among individual subjects were different. Second, although all the subjects in this study were free to take part in many activities in the clinic, they were confined to drug access through hospitalization, which inevitably caused some stress in these subjects. The stress might have some impact on our results. Therefore, further studies with outpatients are needed to cross-validate our findings.

Notwithstanding these limitations, our results indicate that compared with those following short-term abstinence, male heroin addicts following long-term abstinence exhibit smaller fMRI reactivity in the dorsal caudate nucleus and other brain areas involved in learning, action planning, and motor behavior, which may contribute to relapse vulnerability.
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